DATA AND METHODS
The results reported below depend on a relative sequence of FAEs and LAEs for 1196 genera and 3181 species that was generated by multivariate ordination (Alroy, 1996 (Alroy, , 1998 . The criterion used to arrive at the sequence was to minimize implied overlaps of taxonomic age ranges. The raw data come from the North American mammalian paleofaunal database of 4015 faunal lists, which can be accessed over the World Wide Web (http://homebrew.si.edu/nampfd.html as of September 1997). The ordination methods have been described previously (Alroy, 1992 (Alroy, , 1994 , and the computer programs used to implement them may be obtained from me.
Even though the computer-generated temporal sequence is similar to traditional land-mammal ages and reflects widely accepted faunal correlations (e.g., Wood et al., 1941) , there are reasonable concerns about the raw data: published faunal lists can be corrupted by many different preservational and analytical biases. Fortunately, these concerns are misplaced. The large majority of terrestrial vertebrate assemblages are time averaged at only the 10 1 -10 4 yr scale (Aslan and Behrensmeyer, 1996) . Assemblages having questionable taphonomic contexts or collecting histories have been systematically excluded from the analysis. The lists are based on recent literature, with 80% having been published after 1965. They have been updated to the latest taxonomy by referring to a large companion database of invalid names. Identifications have been removed whenever they have been rendered ambiguous by more recent nomenclatural changes. Finally, the analyses in the next two sections show that poor data are not responsible for the surprising results-even if undersampling may be.
ANALYSES Are Land-Mammal Ages Synchronous?
One could argue that any apparent diachrony of individual taxa is a side effect of diachrony among entire faunas in a flawed ordination scheme. This claim can be tested by comparing the ordination to independent radioisotopic and paleomagnetic age estimates (Alroy, 1992 (Alroy, , 1994 (Alroy, , 1996 (Alroy, , 1998 . If entire faunas are diachronous, then even an internally consistent ordering of lists will show a weak relationship to geochronologic data. On the contrary, the Pearson's rank-order correlation between concurrent range zones of individual faunal samples across the event sequence and geochronologic age estimates for the same samples is +0.9934 (n = 152; t = 106.00; p < 0.001).
This analysis uses all geochronologic age estimates that were stratigraphic proximal to fossiliferous samples, had analytical errors less than both 10% and 2.5 m.y., and used a widely accepted geochronological method. Such loose criteria make the strong correlation quite remarkable; it excludes the possibility that land-mammal ages are broadly diachronous.
Earlier authors such as Flynn et al. (1984) reached similar conclusions concerning the synchrony of mammal ages. The real surprise is that a completely algorithmic approach performs so well. The strong correlation also lends weight to the remaining results.
Is the List of IFADs Consistent with the Raw Data and the Ordination?
The rank-order correlation between the standard sequence of immigrant first appearances (Woodburne and Swisher, 1995) and the new ordering of the same IFADs is +0.984 (n = 161; t = 70.59; p < 0.001). Only a handful of IFADs fail to match up, and for the most part these discrepancies merely reflect new discoveries and revisions in taxonomy (e.g., Procynodictis: 49.5 Ma vs. 43 Ma; Leptodontomys = "Eomys": 29.8 Ma vs. 17.5 Ma). Based on this and the ordination's strong confirmation by independent geochronology, it follows that the IFAD scheme is a fair representation of the published data. Woodburne and Swisher (1995) listed several European carnivoran genera whose North American occurrences are as yet undescribed (Craterogale, Potamotherium, Amphictis, Plithocyon, Pseudocyon) , and some genera that have been invalidated by other authors (Forstercooperia, Manteoceras, Prodaphaenus, Pterodon) or no longer can be identified unambiguously as immigrants (Helaletes, Triplopus). These few problematic genera had to be excluded. Six genera more recently identified as immigrants did not figure in the preceding correlation, but are employed in the analyses that follow (Aphelops, Copemys, Heptodon, Pantolambda, Peraceras, and Teleoceras).
Are Immigrants Widespread?
One problem for using immigrant genera in biochronology is that they are not particularly widespread. Although 165 of the 168 immigrant genera are found in at least one of the two most important fossiliferous regions of North America-the Midcontinent and the West Coast-only 89 (53.9%) are found in both. Eastern areas, including the Gulf Coast, are so poorly sampled before the Miocene that they cannot be included in the analysis. Here, "Midcontinent" includes the Great Plains and Rocky Mountain states and provinces; "West Coast" includes Arizona, Nevada, Idaho, California, Oregon, Washington, and British Columbia. These regions are as broadly defined as possible; smaller regions would include fewer localities and therefore share fewer genera.
It is true that immigrants have relatively broad distributions: native genera are even more restricted, with just 318 of 994 (32.0%) being found in both regions. Carnivorans do have broad distributions in the recent past, and the immigrant pool does include proportionately more carnivorans than does the native pool. However, the proportion of immigrants in both regions is almost the same for carnivorans (56.8%) as for noncarnivorans (52.9%). Such a small difference cannot account for the general widespreadedness of immigrants, and it is barely significant anyway (n = 165; G = 6.26; p < 0.025).
This result may be biologically important. It suggests that regardless of their taxonomic affinity, successful immigrants all share an unusual ability to cross ecological and geographic barriers within continents. More skeptically, it also may show that widely distributed genera have been given more attention by researchers seeking to identify immigrants.
Are Immigrants Abundant?
Taxa that are to be used in temporal correlations should be well represented in fossil collections. In fact, immigrant genera are relatively common; the average immigrant is found in 78% more faunal lists than the average native (32.7 vs. 18.4). This finding, however, mostly reflects the fact that immigrants are more widely distributed than natives. If each pool is restricted to those taxa known from both major regions of the continent, immigrants now appear on average in merely 17% more lists (36.4 vs. 31.1).
Are Immigrant Appearances More Synchronous Than Native Appearances?
Surpringly, IFADs are highly diachronous: the average widespread immigrant genus appears 2.99 m.y. apart in each of the two major sampling regions (Fig. 1A) . The comparable statistic for 316 native genera is only 2.57 m.y. Not only is this a 16% difference in the opposite direction of that predicted by Woodburne (1977) , but the absolute magnitude of diachrony is enormous. Because the average Cenozoic land-mammal age is only about 3.3 m.y. long, the average genus-level FAE is diachronous by about the length of a full age! Thus, correlations to the subage or "zone" level cannot be based on individual FAEs.
Are First Appearances More Synchronous Than Last Appearances?
Even more surprisingly, FAEs are more diachronous than LAEs (compare A and B, Fig. 1 ). For the 269 widespread and extinct native genera, the 24 GEOLOGY, January 1998 
Are IFADs At Least Synchronous for Large Mammals?
Perhaps IFAD-based biochronologies could be made more reliable by focusing only on appearances of large mammals (defined here as Xenarthra, Creodonta, Carnivora, Tillodontia, Pantodonta, Dinocerata, Taeniodontia, Meniscotheriidae, Phenacodontidae, Mesonychia, Artiodactyla, Perissodactyla, Proboscidea, and Toxodontidae). Indeed, small-mammal appearance events are highly diachronous: native FAEs differ by an average of 3.30 m.y. (148 genera found in both sampling regions), and native LAEs differ by 2.53 m.y. (127 extinct genera in both regions). Immigrant smallmammal FAEs are very diachronous (4.05 m.y., 31 genera), although LAEs are less so (2.11 m.y., 24 genera). For large mammals, the corresponding figures are consistently lower. Diachrony of native appearances is only 1.94 m.y. for FAEs (170 genera) and 1.68 m.y. for LAEs (142 genera). Immigrant large-mammal appearances perform nearly as well: their diachrony is 2.43 m.y. for FAEs (58 genera) and 1.66 m.y. for LAEs (48 genera).
A possible reason for the discrepancies is geographic range. Cosmopolitan large-mammal genera often are represented by the same wideranging species everywhere, whereas cosmopolitan small-mammal genera may be represented in different places by different species that evolve and go extinct at different times. In any case, the fact that large mammals are better continent-wide time indicators than small mammals does not mean they are good indicators: their average observed diachrony is still little less than the mean duration of Cenozoic land-mammal ages.
Are Genus-Level Appearances More Synchronous Than Species-Level Events?
A large majority of the IFADs have been identified only to the genus level, which is the reason that I have restricted the foregoing discussion to genera. The listing of genera instead of species may reflect the opinion that genera are more suitable time indicators. Indeed, 35.1% of all genera are found in both major sampling regions, but only 12.3% of all species; and whereas the average genus occurs in 20.4 faunal lists, the average species occurs in only 6.3.
When diachrony is examined directly, however, one finds that genera are badly outperformed by species. The average genus-level FAE is diachronous by 2.66 m.y.; the average species-level FAE, by 1.36 m.y. For LAEs, the figures are 2.02 m.y. and 1.35 m.y. These large differences may relate to the fact that genera in more different regions often are represented by different species. Perhaps the oldest species in widespread genera had ecological tolerances that confined them to narrow regions, whereas later species evolved different tolerances and dispersed. If so, extreme diachrony at the genus level may reflect more than just geographic range shifts within lineages.
Is Diachrony a Sampling Effect?
The last, but hardly least important question concerns sampling. Perhaps the apparently diachronous appearances merely represent sampling artifacts, with the many poorly sampled genera appearing to be highly diachronous when their ranges are truncated in one region or another.
Recent improvements in stratigraphic confidence interval methods (Marshall and Ward, 1996) might allow showing whether diachronous age ranges of individual genera differ significantly in the two major geographic areas. However, the key question is not whether such cases can be found at all, but rather how much of observed diachrony can be attributed to undersampling.
This question can be answered by regressing diachrony against sampling probability. First, however, one must define said probability. The simplest definition is the proportion of faunal lists falling within the age range of a genus that does preserve it (the relevant data are provided as a corollary of the ordination analysis). The first and last faunal lists in an age range must be discounted because they are known beforehand to include the genus. So if a genus is present in 5 of 22 lists, its sampling probability is (5 -2)/(22 -2) = 0.15.
A rank-order correlation of these sampling probabilities against genuslevel FAE diachrony values reveals a weak but highly significant relationship ( Fig. 2A ; Table 1 ). The correlation is about the same for LAEs ( Fig. 2B ; Table 1 ). Similar and consistently significant correlations are seen for several subsets of the data, i.e., natives, immigrants, large mammals, and small mammals ( Table 1 ). The pattern is suggestively stronger for large-mammal appearances than for small-mammal appearances, and there is in fact a strong correlation for immigrant FAEs.
These relationships can be used to extrapolate the expected diachrony for a sampling probability of 1.0 (perfect sampling). After log transforming the variables, the least-squares estimates are 0.75 m.y. for FAEs and 0.51 m.y. for LAEs. Therefore, most diachrony is indeed a sampling arti- fact: perfect sampling would reduce FAE diachrony by 72% and LAE diachrony by 75%. Diachrony values of >0.5 m.y. are indeed short relative to the lengths of land-mammal ages, but they are still ecologically, evolutionarily, and geologically meaningful.
For immigrant FAEs, perfect sampling would predict diachrony of only 0.46 m.y. This is better than for most data subsets, and much less than the 0.88 value for native FAEs. In other words, Woodburne (1977 Woodburne ( , 1987 appears to have been correct that for ecological reasons, successful immigrants spread across continents more quickly than new taxa evolving in situ. This is biologically interesting, but unfortunately it is biochronologically irrelevant. First, other subsets like large mammal LAEs perform as well or better. Second, the only way to make use of the information would be to discard a large number of immigrant FAEs (IFADs) that represent rare genera. However, doing so would leave too few to justify a complete IFAD time scale. Even after recognizing nearly 200 IFADs, Woodburne and Swisher (1995) still were unable to tie 8 of their 47 nominal Cenozoic mammalian biochrons to any of them. Finally, if rare taxa are not to be excluded, then it makes no difference if events really are diachronous or merely appear to be diachronous because of undersampling.
CONCLUSIONS
Appearance event ordination of the North American fossil mammal record (Alroy, 1996 (Alroy, , 1998 yields results that are quite consistent with the IFAD scheme of Woodburne and Swisher (1995) and with traditional time scales (Wood et al., 1941; Woodburne, 1997) . In combination with the strong support for the ordination provided by independent geochronologic age estimates, this leaves no reason to think that the age ranges and occurrence data used in this study are somehow spurious or idiosyncratic, or that correlations of whole faunas are grossly diachronous.
Granted this, then the surprising temporal unreliability of both immigrant appearances and first appearances raises the question of whether the IFAD scheme is anything more than a restatement of faunal studies. IFADs and other types of events would show near-isochrony in a hypothetically perfect fossil record. Nonetheless, the great observed diachrony of all appearance events suggests that this property cannot be translated into a practical, independent biochronological method.
At present, it seems that diachrony is so pervasive that any mammalian time scale must rely upon a great number of events. This also argues against downweighting rare and restricted taxa; furthermore, how can rarity be defined without already having temporal correlations to start with? Instead, biochronological analyses should consider both first and last appearance events and give all taxa equal weight-immigrants and natives, large and small mammals, widespread and restricted taxa, common and rare taxa, genera and species.
